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Die Wechselwirkung intensiver Laserstrahlung mit Festkörperoberflächen ruft 
oberhalb einer bestimmten Leistungsdichte eine Materialablation hervor und führt schließlich 
zur Herausbildung sogenannter laserinduzierter Plasmen. In diesem Zusammenhang wird in 
der Literatur über nichtlinear-optische Phänomene wie Selbstfokussierung und -Kanalisierung 
der Laserstrahlung, sowie Ausbildung beschleunigter Plasmafragmente berichtet [20]. 
Gegenstand der vorliegenden Arbeit ist die Untersuchung der Form und der Dynamik solcher 
laserinduzierten Plasmen an verschiedenen metallischen Targets (Al, Cu, W, Ta) in 
verschiedenen Umgebungen (Luft, Vakuum, Argon) unter besonderer Berücksichtigung der 
Vor-pulskonfigurationen des Laserstrahles. Es ist festzustellen, daß sich nach der Einwirkung 
eines Vorpulses der Energie  W/cm2 auf das metallische Target in Luft und Argon 
eine Stoßwelle ausbildet, die im Falle von Luft zu einem Plasmakanal der Elektronendichte 
um , im Falle von Argon zu mehreren pulsierenden Kanälen führt.  
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In der Arbeitsregime des Lasers mit einigen Vorpulsen wird in Luft und Argon die 
Herausbildung einer entsprechenden Anzahl von Stoßwellen im Plasma beobachtet. Als 
Ergebnis der Einwirkung des nachfolgenden Hauptpulses auf die entstandene 
Stoßwellenstruktur formiert sich ein Plasmakanal. Infolge der komplexen hydrodynamischen 
Wechselwirkung zwischen dem Hauptpuls und den Stoßwellen, sowie der Einwirkung starker 
Magnetfelder, erfolgt ein Auswurf von Plasmafragmenten entgegengesetzt dem Vektor der 
einfallenden Laserstrahlung. Die Fragestellung nach Abhängigkeit der Anzahl der 
Plasmafragmente von der Anzahl der Stoßwellen und der Pulsenergie des Lasers wird in 
dieser Arbeit verfolgt.  
Im Vakuum rufen die Vorpulse dagegen lediglich eine flache Plasmawolke hervor, in 
der sich als Ergebnis der Einwirkung des Hauptlaserimpulses wiederum eine Stoßwelle bildet. 
Weiter wird die Herausbildung von Plasmakanälen beobachtet, die in einem stumpfen Winkel 
zum Vektor des einfallenden Laserausstrahles geneigt sind. Mittels röntgenspektroskopischer 
Untersuchungen werden für die Plasmakanäle Elektronentemperaturen bis zu  
ermittelt, was als Nachweis einer Vorbedingung zur Schaffung eines Röntgenlasers auf der 
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The laser (Light Amplification by Stimulated Emission of Radiation) is surely one of 
the greatest inventions in history of science. The developers of the first Maser (Microwave 
Amplification by Stimulated Emission of Radiation) were: Tch. Towns and N. Basov and M. 
Prochorov in 1954 independently of one another. These scientists have received the Nobel 
Prize in 1964 for "for fundamental work in the field of quantum electronics, which has led to 
the construction of oscillators and amplifiers based on the maser-laser principle". At a later 
time the research of lasers became the new stage in science. The different types of lasers, such 
as gas lasers, liquid and solid-state lasers (using dielectric chips, glasses, and semiconductors) 
have been created. These lasers have allowed to create and to investigate plasma - the fourth 
condition of material.  
 
At present time the plasma is being actively studied, as it is not investigated enough. 
Besides constantly growing energy needs of mankind make the scientists to learn formation 
and behavior of plasma, created due to different processes, for creation of alternate power 
sources more detail, for example, plasma formed as the result of laser-induced discharge in 
different mediums. In this area the large hopes are pinned to plasma. Besides the idea of 
creation of the X-ray laser bases mainly on capability of plasma to release narrow beam X-
radiation [1].  
 
Purposes and objectives of work: 
1. Investigate processes of formation of laser-induced plasma in different 
mediums, such as air, vacuum, inert gas - argon. 
2. Observe plasma dynamics in different mediums in different operational modes 
of the laser. 
3. Evaluate main plasma characteristics, such as: plasma density, plasma 
frequency, electron temperature etc. 
4. Investigate plasma X-radiation, evaluate its power and directions. 
 
The absorption and interference methods described in Chapters 2.2 and 2.3 has been 
used for research of formation process of laser-induced plasma, its dynamics in time, for 
definition of plasma density. The used test system units are also described in those chapters. 
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Besides Chapter 2.1 describes the diagnostic method to explain, that basically this method can 
be also used for diagnostic of plasma, but in some cases it is confused with the absorption 
method because of their great similarity. 
Chapter 3 describes the process of formation of plasma as the result of laser effect on 
the metallic target in different mediums, process of ablation. 
One of the most significant chapters is Chapter 4, where the processes of self-focusing 
and self-channeling in plasma are discussed. This Chapter also includes the theoretical 
description of these processes and analyses the relation of different operational modes of the 
laser for formation of plasma channels in air, argon and vacuum. 
The X-ray diagnostic of laser-induced plasma in vacuum, dynamics of plasma X-
radiation in time, dynamics of electron temperature in time, and also narrow beam strong X-
radiation from laser-induced plasma will be discussed in the fifth chapter. Besides the 
diagnostic methods an experimental system unit is described there. 
Chapter 6 is devoted to other operational mode of the laser, in result of which the 
multi-wave plasma structure is formed; also the clear differences during formation of plasma 
channels in plasma are adduced. 
Chapter 7 discusses results of investigation of dynamics of laser-induced plasma in 
more late periods of time. Processes of massive plasma blocks (bullets) are described, their 
average speed and plasma density is estimated in that chapter. To solve the tasks, described in 
Chapters 6 and 7, more complex interference and absorption methods were applied, namely, 
the two-channel Michelson interferometer has been collected, allowed to get the map of laser-
induced plasma from two stands simultaneously (upright and horizontally) with time delay 
between frames only 130 . This result in capability to evaluate more precisely the average 
speeds of shockwaves motion, and average speed of bullets take-off from plasma. The scheme 
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1. Review of the literature 
 
Temperature, electron concentration, charge composition and spectral distribution are 
the major characteristics of laser plasma. Detailed determination of these parameters with 
high spatial resolution and detailed knowledge of the respective dynamics are necessary for a 
better understanding of laser-induced plasmas leading to improvements of computer codes 
modeling the processes [2, 3, 4, 5, 6, 7] that are important in many technological applications 
such as: 
• Plasma beat wave accelerators 
 The Plasma Beat Wave Accelerators (PBWA) concept [8] is the most mature of all the 
plasma acceleration concepts due, in a large part, to the modest laser requirements needed to 
drive substantially large electron plasma waves (EPW), thus giving this scheme about a 10 
year experimental head-start [9] over some of the other laser-based schemes. 
     Recent PBWA experiments at UCLA [10] which time-resolved the forward-scattered 
Stokes and anti-Stokes light, along with supporting computer simulations, were performed to 
elucidate the dynamics of the process and it was confirmed that the poderomotive force of the 
EPW itself terminates the EPW growth by radial expulsion of plasma through its own 
ponderomotive force. The frequency matching condition that the beat frequency of the two 
laser beams equal the plasma frequency is subsequently destroyed, stopping the growth. 
Thermalization of the highly energetic and non-maxwellian plasma were also studied via a 2 
MeV electron probe beam which confirmed the existence of magnetic fields due to a probable 
combination of the Weibel instability due to relaxation of the coherent electron motion in the 
EPW (prompt B-fields) and longtime-scale ( )5 ns  hydrodynamic fields later in the evolution 
of the plasma. 
Another resent addition to the succession of PBWA experiments is one performed at 
AECL in Chalk River, Canada. This experiment [11], differed from others in the use of 
Argon rather than Hydrogen or Deuterium as the working gas. Electrons were injected by 
alinac at 12 MeV and on several shots, 29 MeV electrons were detected. Argon, having a 
lower ionization threshold and larger mass than Hydrogen may have limited the role of 
ponderomotive-force-driven hydrodynamics but increased the role of multiply-ionized atoms, 
making the dynamics of the experiment difficult to interpret. 
• Laser based accelerators 
 In the last years, the availability of   class lasers has made it possible to 0.5 ,TW 100 fs
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drive up large amplitude EPW's, albeit in a tightly focused, nonlinear 3D regime unsuitable 
for sustained electron acceleration as of yet. It is unusual for laser groups to also have access 
to a quality relativistic electron beam for probing the electric fields of the EPW's. A 
breakthrough came when researchers at the University of Texas applied "longitudinal 
interferometry" to directly probe the electron density fluctuations associated with the wave 
[12]. A "witness" optical probe beam was injected into the EPW (the "wake") created by an 
intense driving pulse . The phase shift experienced by the probe beam was (0.2 ,  100 TW fs)
thus a measure of the perturbed refractive index caused by the wave. This was no easy task as, 
due to the tight focusing, the interaction length and thus the accumulated phase shift was 
extremely small-only about 10 mrad of an optical cycle! Fortunately, the technique had a 
phase resolution of a few mrad and the EPW behind the driving pulse could be mapped out 
over many periods. 
 A group at the LULI laser facility in Ecole Polytechnique pulse ( )  0.2 ,  72 TW fs
improved on this idea by adding a transverse component to the diagnostic and were able to 
image a transverse slice of the phase shift as a function of delay [13]. The result was an 
extraordinarily clear picture of the longitudinal and transverse components of the density 
perturbations of this 3D wave. 
• Laser sources for particle accelerator 
Development over the past years has been rapid and multi-faceted, and has made 
relativistic light intensity available to the advanced accelerator community, as well as the 
wider physics community, for the first time. Plasma-based accelerator research over the past 
years, producing the first experimental demonstrations of the laser wakefield accelerator 
(LWFA) in both its resonantly-driven [14, 15] and self-modulated [16, 17, 18, 19] forms. And 
average power and wall-plug efficiency currently fall well short of projected requirements for 
future accelerators and other high average power applications, but show considerable promise 
for improving substantially over the next few years. A review of this rapidly emerging laser 
technology in the context of advanced accelerator research is therefore timely. 
• Guiding of laser radiation 
In the works [20] and [21, 22], pulsating plasma channels and waveguides were observed, 
leading to applications such as plasma-induced accelerators. In this thesis, the effect of the 
formation of plasma channels and pulsating plasma channels was confirmed.  
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• X-ray laser 
X-ray generation from laser produced plasmas has received increasing attention in the past 
years and is developing into important application area [37, 38 and 39]. 
When a sufficiently intense laser pulse of sufficiently short duration is focused onto 
surface of a solid, the electrons within an optical skin depth of the surface absorb energy from 
the laser and heat rapidly to temperatures of several hundred electron volts. The hot electrons 
subsequently ionize the much cooler atoms and form a high-temperature, X-ray emitting 
plasma spark at the surface of the solid. Theoretically a very high conversion efficiency can 
be reached for laser pulse widths less than a few hundred femtoseconds. In this case the laser 
energy will couple directly into the free electrons in the solid. During and after the excitation 
laser pulse, rapid thermal conduction and plasma expansion will cool and reduced the density 
of the X-ray emitting region, and result in a short X-ray pulse width from the plasma source. 
But experiments [38] performed with a commercially available femtosecond-laser systems 
showed a low conversion coefficient for X-ray emission in keV-range for this short pulse 
length. 
 The discrepancy can be only explained by formation of a plasma prior to the arrival of 
the main laser pulse due to long pre-pulse stadium with an intensity well above the threshold 
intensity for plasma generation. The resulting lower-temperature, lower-density plasma will 
yield smaller X-ray conversion efficiencies for short X-ray radiation. 
 The aim of our present experiment is to investigate the behavior of a preformed 
plasma by an interaction of a short laser pulse solid target in vacuum and to find out an 
influence of a nonlinear plasma behavior on conversion efficiency of X-ray radiation. 
 
With occurrence of the idea of X-ray lasers, examination of directional laser radiation 
became a current problem and now interests many researchers in a science and technology 
[23]. In the given experiment as a result of examinations of anisotropic distribution of X-rays 
from laser-induced plasmas the deduction about directional character of X-rays in vacuum has 
been made. Hence, directional X-rays arise at particular conditions and were observed 
experimentally. Similar experiments that show an urgency of the given examinations [24] are 
carried out in different countries.  
For the definition of the previous parameters of the plasma with different methods of 
diagnostics are used: 
1.   Schlieren 
2.   Shadow method 
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3.   Absorption 
4.   Interferometry 
5.   Faraday rotation 
6.   Diagnostics of X-rays in time 
7.   X-ray spectral diagnostics  
etc. 
 
These experimental methods of diagnostics of the plasma are well known. Methods 1 - 5 
of diagnostics concern the optical methods of plasma diagnostics. If an optical inhomogeneity 
is located on the trajectory of a parallel bundle of light and there are no optical instruments the 
image obtained on a screen is called shadowgraph [26, 27]. Such images represent the 
distribution of the displacement of the optical trajectories of the probe beam caused by a 
gradient of the refractive index inside the probed medium.  
In the optical systems intended for determination of the angle of deflection of the probe 
beam (Schlieren) [28, 29, 30] or the change of phases inside optical inhomogeneity 
(interferometers) [31, 32], the displacement of a beam in a plane of a photodetector should be 
eliminated. For this purpose one can place an objective on the trajectory of the probe beam 
behind the inhomogeneity which focalizes the chosen plane transmitting through 
inhomogeneity in an appropriate way on a photodetector. The method of absorption 
photography of plasma is also used for the determination of the plasma shape in space and the 
plasma dynamics in time [33]. To determine magnetic fields inside plasmas optically one can  
apply the method of Faraday Rotation [34, 35]. 
The detection of a plasma’s X-rays radiation spectra, both the characteristic spikes and the 
bremsstrahlung continuum, provides rich information on the plasma parameters. Respective 
methods thus can be considered very important [36]. 
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Fig. 1.1. The provisional shape of a spectrum of a X-rays of plasma for target SiO2. 
 
 It is important to note that various plasmas with X-rays on various wavelengths are 
considered. In our case a range for wavelengths 2λ ≤ Α  is considered in which 
bremsstrahlung of prompt electrons prevails. 
Operations [40, 41] and many others have been executed for ns-lasers without making 
preformed plasma. In the given work measurements of x-ray radiation of laser-induced 
plasma for various targets both time-integrated and time-resolved were performed resulting in 
an estimation of the evolution of X-ray radiation with high time resolution  Besides 
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Chapter 2. Methods 
 
2.1 Schlieren method  
 
The method is applied for diagnostics of strongly non-uniform plasma with considerable 
deviation n from 1. The basis of this method is the phenomenon of the beam deviation from 
initial direction during passing thorough medium with substantial gradient of refraction 
coefficient, and the name "Schlieren" descends from the similar way which is used for 
revealing of non-uniformities in glass ("Schlier"). 
Let's consider passing of the flat wave extending along axis y through medium in which 
there is gradient of refraction coefficient along axis х so in each point x value  can be 
expressed as:  
( )n x
( ) 0 dnn x n xdx
⎛ ⎞= + ⎜ ⎟⎝ ⎠  
The flat wave after passing through the thin layer  in such medium will get phase as: dy
( )0 0 0 0exp exp dnik ndy ik n y ik dy xdx
⎛ ⎞⎡ ⎤= + ⋅⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠  
Where:  - imaginary unit,  - refraction coefficient of medium,  - refraction index in 
point 
i 0n n
( )x ,  - wave vector.  0k
Comparing these expressions with standard phase of flat wave  
we can see, that if the wave originally extended along axis y (
( )0 0 0exp ,x y zik x ik y ik z+ +
0 0xk = , )  from point 
 (therefore we can consider, that dy
0 0zk =











α = = y
 
 
After passing through the layer of final thickness L the full beam deviation α(x) will be 
expressed by integral: 
0
1 ( , )( )
( , )
L dn x yx dy
n x y dx
α = ∫
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Fig. 2.1.1. Beam deviation during passing 
through thin layer with gradient n. 
Fig. 2.1.2. Beam deviation during passing 
through  axis-symmetrical plasma with 
gradient n. 
 
In particular case for plasma with axial symmetry (Fig. 2.1.2) considering, that n depends 
only from distance r from the charge axis and replacing derivatives y through derivatives r, 
this expression can be reduced to Abel integrated equation and, having executed integration 
which in this case will not demand differentiation of experimental curve α(x) the final result 
will be as follows:   
0 2 2
1 ( )( ) exp
R
r




⎛ ⎞= −⎜ ⎟−⎝ ⎠∫  
Where:  - radius of plasma,  - refraction coefficient of medium outside of plasma 
[42]. 
r 0n
For experimental definition α(x) the installation was used, the scheme of which is shown 


















Fig. 2.1.3. Scheme of installation for re
Light source is the probing laser beam. If light did
investigated object , so waves would gather in point
Opaque diaphragm with sizes equal diffraction stain f
D
 - 12 -aalization S
 not deviate








ring passing through the 
 axis in focus of lens L. 
section, mounted in this 
 Methods 
place, would completely block light, and we would see nothing in plane  conjugated to 
position of the source relatively lens 
0P
L  1 1 1 .
a b f
⎛ + =⎜⎝ ⎠
⎞⎟  But if there will occur in any place of 
object beam deviation by angle  α, surpassing angular size of the screen in plane ,fP   this 
place of object will be "drawn" by lens L  in plane . In our case the microscope plays the 
role of the lens. 
0P
Changing the size of the screen (image of the given site will disappear when the angular 
size of the screen is more than the deviation angle), it is possible to measure α  for all points 
of section of the object, perpendicular to axes of the system [43]. 
  Refraction of probing radiation is parasitic effect in interferometry measurements 
considered in the subsequent chapters more detail. However, due to small extent of researched 
plasma, and insignificant gradient of density ( ),dn x y
dx
 perpendicularly directed to probing 
beam, the refraction angle is smaller  Besides use of focusing optics (Long-distance 
Microscope) with big diameter of an objective allows to minimize mistakes in measurement 
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2.2 Measurements by absorption method. 
 
 The absorption method of plasma investigation is the most frequently method used in 
practice which makes it possible to determine the distribution of electron density in plasma, if 
the value of plasma temperature is known. 
The weakening of laser emission intensity in inhomogeneous laser-induced plasma 
takes place as a result of integration of locally effective absorption factors in the way of 
probing beam with optical density ( ).τ ν  





K K Kτ ν ν ν ν⎡ ⎤= + +⎣ ⎦∫ dz⋅  
 In fact, if the ratio of probing beam intensity 0I  prior to the passage through plasma 





τ ν−=  
Where: ( ) ( ) ( ), ,bb bf ffK K Kν ν ν  - are the absorption coefficients for the bound-
bound, bound-free, and free-free transitions, respectively. In the nonresonanse case, if the 
wavelength of probing emission does not enter the half-width of the line of this optical 
transition, ( )bbK ν  can be neglected. Moreover, ( )bfK ν  (photoionization) would not also 
contribute essentially in connection with the fact that, the photon energy at the wavelength of 
probing emission is lower the ionization energy of tungsten (also copper) atom and ions. 
The main contribution in ( )τ ν  is made by the factor ( )ffK ν  given by the expression: 
( ) ( ) 52 6 11 3 5 3
3 32 2 2 2
0
,















 Where:  is the electron temperature of plasma,   is the elementary charge, c  is the 




0ε  is the permittivity of vacuum,  is the Planck constant, h ν  is the frequency of 
the laser light, Z  is the ion charge, Gz  is the gaunt factor,  is the Boltzmann constant. k
 When this method of laser-induced plasma investigation is used, two-dimensional 
plasma image is registered but, taking into account the cylindrical symmetry of plasma and 
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the results obtained by the  interferometric method, at eN Ni=  it is possible to determine 
( , )ffK z r  and the plasma temperature. 
 Figure 2.2.1 presents the experimental set-up for determining  for different 
moments of time relative to the ignition by main laser beam.  
( ,ffK r z )
) Probing laser beam  going out of laser and entering the prism  reflects 
in it at an angle  and then goes to the telescope designated as BE, thus expanding in the 
telescope up to  goes to the prism P. Reflecting in the prism at an angle  the 
beam illuminates target T. In this area, the long-distance microscope 
( 532 nmλ = P
090
25 mm∅ 090 ,
MS  is concentrated, 
which focuses the image of target surface and the plasma formed on it through the 
interference filter for the wavelength 532 5 nmλ = ±  to matrix CCD  of the camera, which 
transmits the image to the computer by means of special Frame grabber card and special 
programs. The main laser beam with the wavelength 1064 nmλ =  going out of the laser and 
passing the optical delay line performed by 3 mirrors M, is focused by lens L  with focal 
distance ( 25 )f cm=  to the target surface T  and forms a laser-induced plasma on its surface 











Fig. 2.2.1 Experimental set-up.  
Where: Nd:YAG  - laser, P - prism, M - mirror, T - target, BE - telescope, CCD - CCD 
camera, PC - computer, MS - long-distance microscope. 
 
Due to the increase or decrease of the path of main laser beam relative to probing 
beam, it is possible to set different time delays of probing beam arrival in a wide range 
 Moreover, considering that the time of image taking  which is 
determined by the time of intensifier pulse by probing beam on 
-14  2 .ns ns÷ + 100 t∆ = ps
532 nmλ =  and the 
maximum velocity of plasma expansion is 7 810 10 ,cmD
s
≈ −  it is possible to observe the 
plasma dynamics due to the change in time delays, since the maximum image shift 
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2.3 Measurements by interference method. 
 
For the first time usage of a holographic interferometry has been offered by Ostrovsky 
and Ostrovskaya [31]. The holographic interferometry has advantage allowing to investigate 
concentration of electrons and ions in plasma, without measurements of other plasma 
parameters, such as electron or ion temperature, etc. 
 
The Michelson interferometer, the classic well-known method, has been used for 
research of plasma parameters (plasma form, electron density) in this work. The optical 





F1 N  P2’ P1  











Fig. 2.3.1. The principal diagram of the four-mirror interferometers. P1 and P2 are 2 semi-
transparent mirrors located in focuses of ellipse F1 and F2, and 2 reflecting mirrors P1' and P2' 
- as tangent to it. The dropped light beam is divided by the translucent layer of mirror P1 into 
2 beams, which after passing the interferometer F1P2'F2 and F1P1'F2`s laterals are combined on 
the translucent layer of mirror P2. 
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So in the Michelson interferometer the ellipse is converted in circumference, 2 
translucent plates are changed with the individual one, and pole of interferometer Q is located 
on interception of prolongation of the reflective mirrors. After the beam drops on separating 
plate P2 interferometer branches will be formed, which are arranged under 90° to each other. 
The coherent interfering beams, passing double path in each of branches of the interferometer 
(after reflection from mirror surfaces of plates M1 and M2), are merged on the surface of plate 
P. The path difference is determined by expression 2 12( ),d d∆ = −  and maximum condition as 
 for wavelength of 6.283185 nmκλ∆ = ≈ 532 .nmλ =  
 
The Michelson interferometer can be adjusted by means of adjusting movements for 
obtaining uniform inclination fringes at stringent perpendicularity of mirrors M1 and M2. In 
this case the map of mirror M1 (reference plane M1') will be parallel to M2 and we can watch 
the interference fringes of equal slope as though corresponding to the air flat-parallel plate 
M1'M2. 
 
It is possible to execute other set-up of the interferometer, for example if mirror M1 is 
a few inclined in horizontal direction. Then beam 2, dropped on mirror M1, would be mirrored 
under some angle and after returning to separating plate P and secondary reflection from it 
would form some angle with the first interfering beam 1. The reference surface of mirror M1' 
will form an air wedge with mirror M2, in which the fringes of equal thickness can be 
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Fig. 2.3.2. Left: the principal diagram of the Michelson interferometer, right: arrangement of 
mirrors during observation of fringes of equal thickness. 
 
The capability of occurrence of different kinds of fringes is the result of maximum 
condition for path difference , arising in transparent flat-parallel layer of dielectric at 
incidence angle of the beam on the interference device. 
∆
 
2 cos( )dn r κλ∆ = =  
Where:  - layer thickness, n  - refractive index,  - incidence angle of the beam on 
the second surface of the transparent layer, 
d r
λ  - wavelength, κ  - fringe order, which is made 
to number of wavelengths in path difference. 
 
The ratio for path difference is included in the basic interference expression, which 
can be presented as follows: 
 
[ ]0 021 cos cos( ) 1 cos(2 ) cos( )I I Iπ θ πσ θλ
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Where: 0I  - intensity of the incident beam, ∆  - geometrical path difference in the 
interferometer, θ  - angle uniquely bound with incidence angle on the first plane, 1σ λ=  - 
wave number.  
Let record conditions for adjacent maximums for fringes of equal thickness (at 
,  const constλ θ= = ):  
1
2 cos( ) 2( 1)
2 cos( ) 2
k
k
π θ κ πλ
π θ κπλ
+
⎧ ∆ = +⎪⎪⎨⎪ ∆ =⎪⎩
 
 
The deduction of equations results in: 
  
1( ) cos( )k k θ λ+∆ −∆ =  
 
It can be observed that width of interference fringes of equal thickness will be 
determined by the geometrical parameters of the interferometer, which are included in the 
equation for path difference . ∆
 
The concentration of electrons or ions can be calculated due to phase shift, which 
results from that rate of propagation of electromagnetic wave in the investigated atmosphere 
(metal vapors, air, inert gases) and plasma with different density is varied. The phase shift 




2 ( , , )
z
z
n x y z n dzπϕ λ∆ = − ⋅∫  
Where: λ  - wave length (in our case ),  - refractive index of plasma 
dependent on the investigated area, - refractive index in air, 
532 nm ),,( zyxn
0n 1z z2−  - geometrical thickness 
of the investigated layer of plasma. 
 











ω λ λ9 10ω π
−− = − ⋅ = − = − ⋅
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Where:  - wave length of the probe beam,  - electron 
concentration, 




⋅= ≈ ⋅  - angular frequency of radiation. 
 








ω ξ=  
  Where:  - electron charge, 191.602 10  e −= ⋅ C 120 8.854 10 Fmξ
−= ⋅  - electrical constant, 
 - mass of electron,  - concentration of electrons at 319.109 10  m −= ⋅ kg eN
27 3 15 110 ,  1.78 10 .e c pN N m s





Fig. 2.3.3. Refraction coefficient (a) and plasma frequency (b) relationships from 
concentration of electrons. 
 
From these diagrams it can be observed that the refraction coefficient starts to change 
hardly only if electron concentration is close to critical, also plasma frequency reaches the 
maximum at these values. 
 
The electron concentration can be probably calculated from the phase shift due to shift 












−∆= = ∫ z d z  
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The cylindrical coordinate system allows with the help of the Abel transformation 
method to determine the refractive coefficient of plasma depending on the investigated area 




Fig. 2.3.4. Scheme of the test system used for research of plasma parameters by means 
of the Michelson interferometer. Where: Nd:YAG - laser, M - mirror, L - lens, T - target, BE - 
telescope, BS - beam splitter, MS - microscope, CCD - CCD camera, PC - computer. 
 
The scheme of the test system for definition of evolutionary distribution of the 
electron concentration  in laser-induced plasma by method of single-beam 
interferometry is shown in Figure 2.3.4. The basic laser beam with wave length 
( ,eN r z )
1064 nmλ =  
leaving from the laser passes to the delay line constructed from three mirrors M, and is 
focused by means of lens L, the focal distance of which is 25  on the surface of the 
metallic target, indicated as T. The probe beam follows to prism P, is mirrored in it under 90° 
and passes to the telescope indicated on the scheme as  Extending in the telescope the 
beam passes to the beamsplitter  where it is divided into 2 interferometer branches (2 
beams) in proportion of 50 x 50. The first beam highlights the target and passes up to mirror 
M, is mirrored in it and highlighting the target once more returns to beamsplitter BS. The 
second beam passes the same path up to the second mirror M, is mirrored in it and returns to 
beamsplitter BS, where both beams interfere among themselves. By means of the long-
distance microscope, focused on the target surface, the interference map is focused on 
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532  5 .nm nmλ = ±  Then the map by means of special Frame grabber card and special 
programs is transmitted from  chambers to the computer, where it can be analyzed.  CCD
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Chapter 3. Experimental determination of laser-induced plasma 
parameters during ablation in air and vacuum. 
 
This section considers the process of ablation in air and vacuum. The density 
parameters of laser-induced plasma are determined at the moment of its formation and 
electron density distribution in the shock wave. 
As a result of laser radiation action on metal target, the process of metal evaporation 
takes place in the local area, where the laser beam is focused. This results in formation of 
atomic gas near the target surface and this gas is ionized due to the effect of multiphoton 
ionization. Since the optical radiation is strong enough 13 14 210 10 ,
WJ
cm
= ÷  then ionization 
takes place due to simultaneous absorption of several photons. In other words, the greater 
light power repeals the law on the presence of photoelectric threshold: ionization can occur 
under the action of radiation with a great wavelength, if the power of this radiation is high 
enough, like in our case. Since in multiphoton ionization several quanta are required to knock 
out one electron, the photocurrent ceases to depend on the light intensity linearly. Thus, the 
second law of classic photoeffect is repealed. According to quantum mechanics, the electrons 
in atoms can be only in the state with certain quite determined energy values. Therefore, after 
absorption of the first photon, whose energy is insufficient for ionization, the atom cannot 
wait when the second photon approaches to it, since the energy of wait condition is prohibited 
by quantum mechanics. Nevertheless, randomly (due to the complexity of atom spectra such 
cases are quite probable) it may turn out that after absorption of any photon, the atom energy 
approaches to the allowed energy state. Then, it must be taken into account that, the energy 
situation of this state depends on the intensity of laser radiation, because the intensity is high. 
The phenomenon called the Stark dynamic effect occurs; it consists in atom spectrum 
disturbance by laser field. This results in the change in atom levels position with the change in 
laser intensity [45]. Since the energy of each light quantum can be very low in the 
multiphoton case and, consequently, the period of optical vibrations is long, the multiphoton 
ionization  must in the limit transform to the case of atom ionization in a constant electric 
field, thus creating inoculating electrons. The avalanche ionization begins. Under the action of 
electric force (magnetic force), the electron makes forced vibrations on the background of 
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translational motion with a certain velocity. As a result of scattering during elastic collisions 
with atoms, the direction of electron motion changes sharply and randomly each time; 
therefore, the translational motion is chaotic. Thus, the field performs the work for the 
electron which increases its kinetic energy. This energy quickly becomes much higher than 
the energy of translational motion. It should be noted that during collision with atoms, the 
electron absorbs and emits the light quanta forcedly. It is possible to demonstrate that the 
average velocity of energy accumulation in photon field is expressed by the formula:  
2 2
90
2 2 3 10 3 2 ( ) m mm
e Ed J keV
dt m s
ε ν ενω ν
−= = ∆ ≈ ⋅+ =     
Where: 10 110m s
ν ≈  is the effective collision rate,  is the 
electron charge,  is the electron mass, 
191.6021773 10  e C−= ⋅
319.109 10  m −= ⋅ kg 152 11.7 10c
s
πω λ
⋅= = ⋅  is the 
frequency of laser radiation, 83 10 mc
c
⋅  is the light velocity, 1064 nmλ =  is the laser 
radiation wavelength, the field is connected with the density of photon flux as:  0E
2
13 14 17 180
2 210 10 10 104
cE W WF
cm mπ ω= ≈ − = −=   and  
7 9
0 8 10 8 10
V VE
cm m
≈ ⋅ = ⋅  
When accelerating in the electromagnetic field of laser beam, electrons obtain the 
energy sufficient for ionization from a molecule or atom due to inelastic collision, thus 
spending the energy obtained for it. Each energy electron is separated into two slow electrons 
and they, in their turn, obtain energy from the field, ionize atoms thus forming four electrons, 
etc. [46].   
The distinctive feature of laser system used in the experiment is the availability of pre-
pulses with contrast from 1:  to 1  relative to the main pulse. The contrast could be 
established using SPS (Single Pulse Selector) in the laser system. 
2 :500
The oscillogram for the mode of laser operation with generation of pre-pulses with 
contrast 1:  is shown in Fig. 3.1.  2
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Fig. 3.1. Oscillogram reflecting the mode of laser operation. 
Due to the action of pre-pulse, the ablation process takes place and hemispherical 





≈ ⋅  since the contrast between the main and pre-pulse is 1: . After the time 
 which is the time between pre-pulse and main laser pulse, the main laser pulse 
comes which interacts with already formed plasma at the front of shock wave.  
2
7.4 ,t n∆ = s
cm
Figures 3.2a and 3.2b present the results of experimental data, i.e. the absorption 
photograph and interferogramm of the formed shock wave propagating in the air, as a result 
of action of pre-pulse and, as a consequence, ablation. Figure 3.2c shows the diagram of radial 
distribution of electron concentration in the space. These diagrams clearly define that at the 
front of shock wave, the electron concentration is considerably higher than at periphery and 
reaches the  later on, as we will see, the main laser pulse will interact with 
plasma at the front of shock wave and partially penetrates inside the shock wave, thus causing 
the repeated ablation process, as is seen from the interference photograph and the diagram of 
radial distribution of electron concentration reduced in Figs. 3.3b and 3.3c. 
19 -32.4 10  ,eN ≈ ⋅
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due to the action of laser pulse and, as a result – hydrodynamic impact. Also, the considerable 
change in the gradient of electric density increase occurs (for  -5  the change in electric 
density gradient is  and for  it is already ) in the shock 
wave. 
00 ps







100µm 100µm Shock wave 
 
Fig. 3.3. a - Absorption photographs,  
              b - interferogram,  
              c - diagram of radial distribution of electron concentration in a shock wave 
and space.  
  Under atmospheric pressure for the delay time  Target - Tungsten. -200 .ps
 
When laser radiation in vacuum focuses to the metal target in the two-pulse mode, the 
plasma configuration considerably differs from configuration in the gas atmosphere. The 
shock wave formation does not occur, only the plasma cloud forms near the place of local 
laser effect from the pre-pulse. In Figure 3.4b, the interference photograph distinctly indicates 
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the plasma cloud, but the maximum concentration of electrons in it is considerably lower than 
the critical one, as is evident from the diagram of electron density distribution shown in Fig. 
3.4с. But, in connection with the fact that the time between the pre-pulse and main pulse is 7.4 
ns, the plasma cloud formed by the pre-pulse diffuses in the space to the sufficiently low 
density, which can not be recorded by the interferometric method at this wavelength 
532 .nmλ =  At the moment of arrival of main laser pulse, the plasma formed by the pre-pulse 
is considerably scattered, and laser radiation in this case passes through the plasma cloud thus 
ionizing it, and interacts with the target surface. The ablation process takes place again, and 







Fig.3.4. a - Absorption photo
             b - interferogram,  
             c - diagram of radial
 In vacuum for delay 
 
From the experimental data 








 distribution of electron concentration in plasma in space. 
time  - 200  Target - Tungsten.  .ps
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vacuum considerably differs from the profile of electron concentration in the air, and the 
maximum density of plasma electrons in vacuum is by one order higher than in the air and 
makes up  it is close to critical density. The gradient of density increase also 
differs and makes up 
20 -31.9 10  ,cm⋅
18 43.4 10  ,cm−⋅  it is steeper by a factor of 2 than for the same state of 
delay time, but in the air. 
If we consider the same process in an inert gas (Argon), it is evident that the ablation 
process is very similar to the process of ablation in the air  
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Chapter 4. Experimental determination of laser-induced plasma 
parameters during self-channeling in the air and vacuum. 
 
This section considers the process of self-channeling in the air and vacuum. The 
parameters of electron density in plasma channel and distribution of electron density in 
channel and shock wave are determined. 
 The process of self-focusing consists in arbitrary compression of light beam to very 
small dimensions. In brief, this effect can be called the effect of lens pointing. The case in 
point is aberration of the wavefront created by the light beam when it passes through a 
nonlinear medium.   





≈  and it interacts with plasma in the local area at the front of shock wave. Here, the 
laser beam focused to the target surface in dielectric medium self-focuses. The arising effect 
of self-focusing consists in combination of three mechanisms. Since the intensity of laser 
beam propagating in x-direction, in y-direction is described by Gauss distribution, then the 
nonlinear force in y-direction  must be compensated by thermokinetic force   [47], NLF thF
thus: 




NF F T EE N kT Z
⎛ ⎞−= ∇ − = ∇ +⎜ ⎟⎝ ⎠
 
Where:  - thermokinetic force,  - nonlinear force,  - electron concentration, thF NLF eN
k  - Boltzmann constant, Z  - ion charge, T  - temperature, E  - electric field. 
The second mechanism is based on complete reflection of a laser beam beginning 
from the angle  from the beam center gathering in a parallel direction relative to the axis, 0a
due to the presence of density gradient in plasma.  
The third feature explained by diffraction mechanism consists in the fact that angle of 
propagation  of the main beam part must be smaller than the angle of complete reflection. a
When calculating the threshold, all three mechanisms must be taken into account.  










EE e H n
n
⎛ ⎞−⎜ ⎟⎜ ⎟⎝ ⎠= = 2yE  
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Where:  is interpreted as a radius of laser beam,  is the index of refraction, 0y n yE  is 
the electric field,  is the magnetic field in the direction of -axis. This relation is only zH z
approximation of exact Maxwellian description. The nonlinear force has the form [66]: 
( )2 218NL y zF E Hπ= − ∇ +  
It is required to consider that this expression is valid, when the index of refraction is 
considerably smaller than one. This corresponds to the case when the plasma density around 
the laser beam is higher than the critical one. Proceeding from the equations reduced above, 











⎛ ⎞−⎜ ⎟⎝ ⎠+= ⋅  
Where:  is the electron charge,  is the electron concentration,  is the laser beam e eN 0y
radius. 
In the case when plasma has a space-homogeneous temperature, this force must be 
compensated by thermokinetic force. 
11 eth y th
dNF i kT
z dy
⎛ ⎞= − +⎜ ⎟⎝ ⎠  
Comparing two forces, we obtain the expression for electron density gradient edN
dy
 in 
a laser beam. 








y kT y n
z
π
∂ = +∂ ⎛ ⎞+⎜ ⎟⎝ ⎠
 
The second physical condition of complete reflection is determined by the ratio of 






π⎛ ⎞− =⎜ ⎟⎝ ⎠  
Where:  is the index of refraction,  is the angle of wave propagation,  is the n 0a 0yn
value of refraction index at  0.y
If as a third physical condition we assume that the wave component, which is 
determined by the first diffraction minimum must reflect completely, if it propagates at an 
angle  then ,a
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ω= ≤  
Where:  is the light velocity, c ω  is the laser radiation frequency,  is the laser beam 0y
radius. 
Figures 4.2а and 4.2b present absorption and interference photographs for the instant 
of time  demonstrating the time of beginning of main laser pulse input. The process 100 ps−
of laser pulse self-focusing and subsequent process of self-channeling to the plasma channel 
are clearly observed. Figure 4.2с presents the diagram of electron density distribution in a 
shock wave restored from the interference pattern 4.2b for the area where it was possible. The 
shock wave front is clearly seen in it. It is obvious that at the shock wave front, the electron 
density is critical, and in Fig. 4.2a this area is black, in Fig. 4.2b it is also seen that plasma at 
the shock wave front is so dense that interference determination of electron density in this 
area is impossible due to the reflection of probing emission.  
It is evident that at the shock wave front the electron density is critical and it decreases 
at the periphery before shock wave front. In this area, the laser radiation is absorbed. In this 
case, several mechanisms of laser radiation absorption by plasma are possible. When the 
radiation intensity is low, then backward scattering radiation dominates, when the intensity of 
laser radiation becomes higher, absorption takes place due to resonance absorption and 
parametric instability. 
 If we consider the process of resonance absorption of laser radiation by plasma, then it 
occurs at a certain angle θ  (where θ  is an angle between the wave vector and the vector of 
electric field) of laser radiation penetration into plasma with a high gradient of electron 
concentration, and disturbance of resonance plasma vibrations in the plasma area with critical 
electron concentration is possible. The necessary condition is the fact that electromagnetic 
field of the wave has longitudinal components parallel to the density gradient. Nevertheless, 
the electromagnetic field reflects not at the critical electron concentration  but at density 
equal to 
,cN
( )cos .cN θ   
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Field of plasma wave 
Density Ne 
Resonance 










 Distance θ k0 
Fig. 4.1. Absorption scheme for р-polarized laser radiation [48]. 
 
In the reflection point, the electric field vector E
JG
 of incident laser radiation is parallel 
relative to the gradient of electron concentration. Electrons oscillate in this field. At the same 
time, they oscillate between the areas of high and low electron concentration. This also leads 
to oscillation in plasma concentration, which can cause plasma waves. Thus, the energy of 
laser radiation transforms to the energy of plasma waves.  
 If we consider the process of parametric instability, it is realized at subcritical 
concentration of electrons in plasma 
4
cN≈  [49]. In a non-magnetic plasma, the following 
waves are distinguished: longitudinal electron plasma waves (Langmuir waves), longitudinal 




∂ = − ∇∂  its solution has the form 
( )
0 ,
ikr iwtv v e ± −=  where the wave vector k  determines 




ω=  sc  is the phase velocity 
0
1
sc kρ= ) and electromagnetic waves. In literature in most cases the following 
combinations of absorption of incident laser radiation are considered:  
1. Ion-acoustic wave and secondary electromagnetic wave (Stimulated Brilluin 
Scattering).  
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2. Electron plasma wave and secondary electromagnetic wave (Stimulated Raman 
Scattering). 
3. 2 Plasmonen (Two Plasmon Decay). (The quantum of plasma oscillations is called 




4. Electron plasma wave and ion-acoustic wave.   
Moreover, filamentation of incident laser radiation is possible due to parametric instability 
[50].  
 Let us consider the process of self-channeling of laser radiation when the main beam 
passes through the already formed plasma from the pre-pulse in the air atmosphere.  
A sharp increase in density is observed on the target surface, which is the consequence 






100µm 100µm Shock wave (c) Shock wave 
Self-focusing and   
start self-channeling 
Fig. 4.2. a - absorption photograph,  
              b - interferogram,  
   c - diagram of electron density distribution in a shock wave.  
   Delay time  Target  - W. Atmosphere - air. 100 .ps−
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At the instant of time, the corresponding  intensity of laser beam action is 
maximal due to instability during self-focusing. At this instant, formation of a large number of 
plasma channels if observed (in each of them, the power is close to a threshold one), which 
were registered by means of absorption photograph and interferogram at the wavelength 
ps0
532 nmλ = . Radial distribution of electron concentration in the channel is shown in Fig. 4.3c, 
which corresponds to a certain area in the interference photograph and is indicated in it. The 
characteristic radius of plasma channel at this stage is 7 9 .mµ−  In many respects, this radius 




0 2( ) 1 1
sf d
Pz za z a
F P l
⎡ ⎤⎛ ⎞⎛ ⎞= − + −⎢ ⎥⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦
  (SGSE) 
Where:  is the beam width,  is the width of beam focused by lens,  is the 















P cn E= 0 0a  is the power of Gaussian beam 









π≈  is the characteristic power of self-action,  c  is the 
light velocity, 142 1 4.49 10 en Nλ−= − ⋅  is the refraction index,  is the electron concentration 
[51].  
eN





mµ= ⋅ ≈  
Where:  is the focal lens radius 0r ( )mµ ,  are the critical and electron density, 





⎛ ⎞⎜ ⎟⎝ ⎠ . It 
is seen that 100 ,sfL mµ≈  which is confirmed by the experimental data. From our 
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experimental data we obtain that 120 .pcL mµ≈  From the literature, the length of plasma 















Fig. 4.3. a - absorption photograph,  
  b - interferogram, 
  c - diagram of electron density distribution in a shock wave, 
  d - diagram of electron density distribution in channel. 
  Delay time  Target - W. Atmosphere - air. 0 ps.
 
Later at the delay time 100  the action of laser beam decreases and formation of 
directed plasma channel of high density is observed (Figs. 4.6b and 4.6d). The electron 
concentration in plasma channel is high enough and is close to critical (order 
,ps
20 310 cm− ) and 
as is seen from the adsorption photograph (Fig. 4.6а), due to nonlinear interaction of laser 
radiation and plasma, radiation generation occurs on the second harmonic in channel. In the 
general case, if in the medium with quadratic nonlinearity  two (2) (2) 2P P Eχ= =
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monochromatic waves propagate with the frequencies 1ω  and 2;ω  the wave vectors and field 
intensities are described by the relations:  
1 2
1 2
1 2,k n k nc cω ω
ω ω⎛ ⎞ ⎛= =⎜ ⎟ ⎜⎝ ⎠ ⎝
⎞⎟⎠ , 
( ) ( )1 1 2 2
1 21 2
,i t ik z i t ik zE E e E E eω ωω ω
− −= = . 
The wave vectors of these waves are assumed noncollinear and with different values.  
Under the action of waves  and  the quadratic polarization 1E 2E
( )2P  excites at summary and 
difference frequencies 1 2ω ω ω± = ±  depending on the frequencies of the both waves 1ω  and 
2ω : 
( ) ( ) [ ] [ ]( )1 2 1 2
1 2
2 2 i t i k kP E E e ω ωω ωχ ± − ±= z  
 In fulfilling the condition of approximate phase matching [53]: 







⎛ ⎞⎡ ⎤=⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠  
It is possible to use the general solution of Maxwell equations for slowly changing 
amplitude of wave Eω± : 
( ) ( ) ( )'' 12 1k k iE z nk k E eν νπ χ− −= − ∆ − kz∆  
The wave Eω±  propagating in  - direction would have a maximum amplitude if the 
condition of exact phase matching for projections of wave vectors to z-axis is satisfied.  
z
1 2z z zk k k± = ±  
Satisfying this equality, taking into account the medium dispersion is possible under 
condition, if the wave vector of incident waves  are directed at a certain angle 1,k k2 θ  to each 
other. 
Fig. 4.4. demonstrates the simplest case when ( )1 2 ,ω ω=  and consequently, the wave 
numbers are equal . In this case, the sum frequency wave is excited 1k k= 2 1 2.ω ω ω+ = +  
Since:  
1 2cos cos2 2
zk k k
2





θ ⎛ ⎞= ⎜ ⎟⎝ ⎠  
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In angle deviation between the wave vectors  and  from the value 1k 2k ,θ  phase 
matching detuning would increase, and the efficiency of wave excitation with frequency 2ω  
would decrease. 
 
                                         
k1 k2 
z k1z k2z 
θ 
Fig. 4.4. Scheme of satisfying the condition of phase phase matching for three waves 
 interacted in the medium with quadratic 
nonlinearity.  
( 1 1 2 2 3 1 2 3 1 2, ; , ; , z zk k k k kω ω ω ω ω= + = + )
 
In principle, excitation of sum frequency is possible at any relationship between the 
wave frequencies 1ω  and 2 ,ω  if the conditions 1 2ω ω ω+ = +  and ' 2ω ω=  are satisfied. Also, 
when the second harmonic is excited, the wave vectors of exciting and excited waves must be 
collinear, and in the considered case of sum frequency wave excitation 1 2ω ω ω+ = +  between 
the wave vectors of original waves  and  there must be a certain angle 1k 2 ,k .θ  
It should also be noted that different quadratic polarizabilities ( ) (2 2 ; , )χ ω ω ω  - in the 
first case and ( ) ( )2 1 22 ; ,χ ω ω ω  - in the second case are responsible for the processes of second 
harmonic excitation and frequency summation. The dependence of nonlinear susceptibility of 
а ( ) ( )2 1 22 ; ,χ ω ω ω  type on the medium properties is qualitatively analogous to the 
dependence ( ) (2 2 ; , .)χ ω ω ω  As any nonlinear susceptibility, ( ) ( )2 1 22 ; ,χ ω ω ω  would 
resonantly grow when the detuning between the frequency of any of interacting waves and 
medium eigenfrequencies decreases [54]. 
But, we should understand pretty well, that for nonlinear receptivities ( )Kχ  there is 
only one general regularity connected with the medium symmetry. In the symmetric media 
(i.e., in the media with inversion center), to which relate all atoms in the ground state, 
spatially symmetric molecular, and other quantum systems, nonlinear receptivities in the case, 
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when the initial and finite state are the same  ( ) ,q n=  at even degrees of the field  are 
identically equal to zero. In light dispersion this is an evident statement, since in accordance 
with selection rules for dipole transitions as a result of absorption of equal quanta numbers, 
the parity of initial and finite states remains changed, thus the quantum system can not return 
from the finite state to the initial one by means of one-photon spontaneous relaxation. Hence, 
in the large media class with the inversion center, only nonlinear receptivities at uneven 
degrees of the field   are not equal to zero. Correspondingly, in such media, the first 
(lowest) nonlinear susceptibility is not a quadratic susceptibility 
( )( )2Kχ
( )( 2 1Kχ + )
( )2 ,χ  but cubic one ( )3χ  [55]. 
This exactly case takes place in plasma. 
If the number of incident waves or the degree of medium nonlinearity is larger than 
two, then the number of frequencies at which nonlinear polarization is excited is much larger. 
For example, when three waves with frequencies 1 2, , 3ω ω ω  excite the cubic nonlinear 
susceptibility ( )3 .χ  The nonlinear polarization contains 22 components characterized by 
various frequencies, including four components depending on all three waves 
( )1 2 3 1 2 3 1 2 3 1 2 3, , , ,ω ω ω ω ω ω ω ω ω ω ω ω+ + + − − + − + +  and twelve components depending 
on two of three. This exactly fact, that nonlinear polarization occurs at the frequency 
depending on the frequency of all incident waves, governs their bond through the wave of 
nonlinear polarization.  
The second phenomenon is the possibility of energy transfer from the incident wave to 
the wave of nonlinear polarization, when the approximate or exact condition of phase phase 
matching for these waves is satisfied. 
In sum, these two phenomena lead to the fact that, during interaction of several waves 
in a nonlinear medium (plasma), the bond and energy exchange between these waves occur. 
Thus, it is possible to transfer the energy from the incident wave 3ω  with a fixed frequency to 
another wave 1ω  with a variable frequency (e.g., 1 3 2ω ω ω= − ).  This is an important applied 
distinction of bound waves effect from the effect of higher harmonic excitation, where under 
the action of wave with a frequency iω  only the waves with fixed frequencies iKω  are 
excited. 
It is evident that three waves with frequencies 1 2, , 3ω ω ω  propagating in a nonlinear 
medium can excite the fourth wave with the frequency: 
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1 2 3ν ω ω ω= ± ± ± , 
in case, if 
1 2z z zk k k kν 3z= ± ± ±  
 
Obviously, there are many variants of exiting the wave with the frequency ν . 
One of the simplest cases consists in the incidence of one wave with frequency 
1 3,ω ω ω= =  exciting in the medium the first stokes component with frequency 2.ω  In this 
case, the wave of nonlinear polarization at frequency 22ν ω ω= −  is excited in the medium. It  
should be noted that the frequency ν  of the excited wave of nonlinear polarization is higher 
than the frequency of exciting radiation ω , since 2 1 .3ω ω ω ω< = =  Consequently, the process 
of wave excitation at frequency ν  has an antistokes character. It is called Coherent Antistokes 
Raman Scattering (CARS). 
To realize CARS, the phase matching condition must be satisfied.  
( )22 2vz z kk k k kω ω 0∆ = − − →  
The reduced variant of CARS process, when one of the interacting waves is the first 
stokes component of the exciting wave is an example of a complex process, which is coherent 
on the whole. In fact, one of the intrinsic processes being a part of this complex process, i.e., 
excitation of the first stokes component, is not coherent, since it does not require satisfying 
the phase matching condition, and only second intrinsic process, i.e., wave interaction, is a 
coherent one [56]. 
As in other cases, the nonlinear susceptibility corresponding to CARS process is 
maximal when intermediate quasi-resonance situations are present. In these cases, the 
probability of CARS process is maximum, which favors its use in practice [57]. In the case of 
laser radiation propagation at the wavelength 1064 nmλ =  in plasma formed by the pre-pulse, 
the second harmonic generates in the areas where plasma density reaches the values 
( )cos ,e cN N θ=  where θ  is the angle between the wave vector and electric field vector due 
to steep gradients in plasma, as well as in self-focused channel. 
Note that this luminescence does not distort the interference pattern, since the equality 
conditions of plasma radiation ways relative to the interference mirror are not satisfied. 
Moreover, the intensity of radiation from plasma is considerably lower that the intensity of 
probing beam, as is shown in the oscillograms below 4.5a and 4.5b, and differs by  orders. 3≈
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Fig.4.5. а - oscillogram of intensity of probing laser radiation recorded in the absence 
of main laser pulse. b - oscillogram of radiation intensity from plasma at the wavelength 
corresponding to 53  in the absence of probing laser radiation, but with a main 2 5nm nm±
pulse. The both oscillograms were taken with the help of high speed photodiode, the 
geometrical parameters of experimental plant were invariable, the photodiode was in the place 
of CCD camera. 
Due to the action of ponderomotive forces ,xdm
dt
υ  the electrons are pushed out from 
the channel, and some “electron vacuum” forms in the channel, as is seen in Fig. 4.6b. Fig. 
4.6b shows a strong bending of the interference fringes to the reverse side, which confirms 










Where: m - mass of particle on which the ponderomotive force acts, q - particle 
charge, Ω - frequency of particle vibration in the magnetic field perpendicular to electric field, 
ω - circular frequency of laser radiation, Ex - amplitude of the electric field propagating the 
electromagnetic wave along z-coordinate depending on x-coordinate.  
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dEx  Laser Movement of electron under action 




The electron accelerates in the negative x-direction, if Ex (t) > 0, and in positive x-
direction, if  Ex (t)< 0. Since the amplitude of electric field is higher for x> 0 than for x <0, in 
the case of positive x-values, the electron accelerates faster and follows from the area with 
higher field intensity to the area with lower field intensity.  
This displacement of electrons (which have a Gaussian distribution in the cross-
section) from the area with a high intensity of electromagnetic field results in their deviation 
from the axis of laser beam. One of the first theoretical works considering self-focusing of 
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Fig. 4.6. a - absorption photograph,  
  b - interferogram,  
  c - diagram of electron density distribution in shock wave,  
  d - diagram of electron distribution in channel. 
 Delay time 100  Target - W. Atmosphere - air. .ps
 
In vacuum, formation of the plasma channels has a somewhat different character, since 
there is no shock wave formed by the pre-pulse, but only a plasma cloud. In this case, laser 
radiation passes through the plasma cloud, ionizes it, and interacts with a target surface. The 
ablation process takes place again, and the shock wave caused by this process propagates 
already in the plasma medium (Fig. 4.7а) [60].  As a result, ionization takes place within 
plasma, not at its front, as it was in the air. And the forming plasma channels are directed not 
along the axis of beam action, as it was demonstrated before, but at an angle to the incident 
beam. Also, the absorption photograph makes it possible to observe the shock waves formed 
due to ablation and propagating in the plasma medium.  
The effects of light inhomogeneity are quite important in the absorbing layer, 
especially in the absorption area near the layer of critical density of plasma and the time of 
interaction with it. Therefore, we consider the theory on nonlinear interaction, which shows 
that weakening of incident laser radiation is insignificant in subcritical plasma layer.  
However, the saturation phenomenon in the case of homogeneous plasma will tend to make 
the plasma behavior periodical, not exponential, as is seen in Fig. 4.7а. Moreover, in the 
region of decreased density, two more instabilities can develop linearly or nonlinearly, they 
are modulation and filamentous instabilities, which will be discussed further (see Chapter 
“Multiwave plasma structure“).  
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100µm Critical density 100µm Shock waves 
 
Fig. 4.7. a - absorption photograph,  
  b - interferogram,  
  c - diagrams of electron density distribution in plasma. 
  Delay time  Target - W. Atmosphere - vacuum. 100 .ps−
 
As is seen from the absorption photograph presented in Fig. 4.8а, the plasma channels 
form at an angle. The value of this angle varies from 21 to 25 degrees relative to the target 
surface, and more often we can see the angles at an angle of 23 deg. relative to the target 
surface. This effect was also observed in the experiments on determining the electron 
temperature of laser-induced plasma using X-ray streak camera.   
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Fig. 4.8. a - absorption photograph,  
  b - interferogram,  
  c - diagrams of electron density distribution in plasma. 
  Delay time  Target - W. Atmosphere - vacuum. 0 ps.
 
 From the diagram of electron density distribution presented below (Fig. 4.9c) it is seen 
that electron density increases from the medium in the direction of target with a very high 
gradient, which makes up the value 18 42 10 .cm−≈ ⋅  
100µm 100µm  
  Radiation on the secondharmonic   
a b 
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Fig. 4.9. a - absorption photograph,  
  b - interferogram,  
  c - diagrams of electron density distribution in plasma. 
  Delay time 100  Target  - W. Atmosphere - vacuum. .ps
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Chapter 5. Diagnostics of X-ray radiation from laser-induced plasma 
in vacuum.  
 
 When studying the processes proceeding in substances radiated by high-intensity laser 
radiation, the study of X-ray radiation from plasma is of cardinal importance. The X-ray 
radiation carries the information about temporal behavior of temperature, substance density in 
different points of space. For example, even simple detection of radiation with a wavelength 
10 Å  indicates the existence of electrons with the energy of the same order in 
plasma. To make measurements of such kind, we require the procedure and equipment, which 
make it possible to record X-ray radiation of plasma in a wide spectral range 
( 1.2h keVν ≈ )
0.1 10 keV÷  
with high temporal 10  and space resolution [61]. 30 ps÷
 It is known that at the plasma temperature of several hundreds  plasma emits 
intensive X-ray radiation with the wavelength shorter than 50 Å (soft radiation up to 2 Å, hard 
radiation below 2 Å). It is formed of continuous, bremsstrahlung, recombination, and line 
emission of “optical” type. The detailed study of X-ray spectrum gives the information about 
the electron temperature of plasma, its change in time, and the degree of its deviation from 
equilibrium state [62]. 
,eV
To diagnose laser-induced plasma in vacuum, X-ray spectroscopy method was used. 
The main measuring equipment was X-ray camera (RFR-4) with a high temporal resolution 
 The parameters of target and the angle between target surface and incident laser 
radiation varied. The targets were made of different materials, such as Cu, W, Ta, Ag. As for 
Cu - target, the angle also varied and made up 90, 60, 45, 30, 23, and 19 degrees between 
target surface and incident laser radiation. Moreover, interference and absorption 
measurements of laser-induced plasma were made for Cu at the angles, corresponding to 90, 
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Fig. 5.1. Experimental set-up for X-ray diagnostics. 
Nd:YAG - laser, SC - X-ray streak camera, CCD - CCD camera, VC - vacuum camera, T - 
target, L - lens, FD - high speed photodiode, M - mirror, P - prism, PC - computer. 
 
 
Fig. 5.2. Principal scheme of X-ray streak camera operation. 
 
 Figs. 5.1, 5.2 demonstrate the principle of operation of X-ray streak camera. The main 
laser pulse with the wavelength 102  hits the target and forms plasma. The probing laser 
pulse with a wavelength 532  in this case is a trigger signal for starting X-ray camera, 
since the camera need the time of  order before the main pulse for transition to “ready” 




( )400 psτ ≈  which, in its 
turn, generates the electric pulse. This pulse is sent to the camera as a trigger one. After 
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plasma formation, it starts radiating photons due to bremsstrahlung and radiation of multi-
charged ions.  Photons propagate over the whole area in the range of angle 2 .π  Through 
aperture, they also input photocatode, and electrons output from photocatode.  These electrons 
deviate in the electric field formed by electrodes, which are under voltage  kV, and then 
they enter the screen. The output screen of X-ray streak camera is joined to the matrix 14 bit 
CCD of Cordin camera, by means of which image is recorded and processed. The voltage on 
electrodes varies depending on assigned time-base. The time-base units 3 ,  
were used. The aperture slot is displaced relative to the center by 5 .  
10≈
10 , 30ns ns ns
mm
For spectroscopic analysis, filters of different thickness made of  
 (1.5,  3,  4.5,  6,  7,  7.5,  9,  12,  14,  21, 500 ),Al µm   (1.8 ),Fe µm (70,  140 )Be µm  were 
used, the photocatode (0.02 )Au µm  made on  (3 ),Lavsan µm  the location of filters varied. 
Figures 5.3 and 5.4 present the diagrams of photon transmission by different filters 





Fig. 5.3. Diagrams of photon transmission depending on energy for  filters of different 
thickness: a - 
  Al
(1.5,  3,  4.5 ),Al µm  b - (6,  7.5,  9 ).Al µm  
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Fig. 5.4. Diagrams of photon transmission depending on energy for  filters of different 
thickness: a - 
Al
 (7 ), (70,140 ),Al µm Be µm  b - (12,14, 21, 500 ).Al µm  
Figs. 5.3 and 5.4 show that, using the filters of different thickness, we “cut out” a 
certain area corresponding to the certain energy of photons emitted by plasma. For example, 
using 7Al µm  filter, we cut off the photons with the energy less than 800 and, depending 
on grey gradient, (grey gradient 0 - 255 units is used) obtained from X-ray picture (it must be 
less than 255 units), it is possible to define the photon energy. It is undesirable to use only 
photocathode without filters for determining electron temperature of plasma, since the photon 
energy in laser-induced plasma is higher than  eV, and in the X-ray picture the slit will be 
white (255 units). 
eV
200
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Fig. 5.5. Diagram of electron output depending on photon energy for  - photocathode with 
thickness 
Au
(0.02 )Au µm  made on (3 ).Lavsan µm  
In Fig. 5.5, the diagram of electron output depending on the energy of incident 
photons is presented as a function   ( ) ( )( .) ( ). .1 ( )photocat lavsanteor teorh h .ϕ ν ϕ ν−   
 








U K h h d
ν
ν
hν ϕ ν ν= ∫  
Where: iU  – are detector readings behind -filter, i ( )hϕ ν  is the spectrum under 
investigation, ( )iK hν  is the response function of filter-detector system, 1hν  is the lower 
boundary of spectrum, 2hν  is the upper boundary of spectrum.  
 
In the filter method, the response function has an exponential form, and for 
temperature spectrum calculation, the equation is transformed in the following way:  
2
1








ν h dhµ ν η ν⎡ ⎤⎛ ⎞= − −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦∫ ν  
 
Where: A  is constant, iµ  is radiation weakening factor,  is thickness of i -filter, id
( )hη ν  is spectral sensitivity of detector (detector response to unit absorbed radiation energy). 
 
 - 52 -
Investigations of laser-induced plasma 
 
 Spectral distribution of intensities of bremsstrahlung with a function of electron 
distribution with respect to velocity by the law of Maxwell distribution is described in the 





( ) electrti electr ion i
i electr
h




⎛ ⎞−⎜ ⎟⎝ ⎠∑∼ ∼  
Where: ionN  is ion concentration in plasma, .electrN  is electron concentration in plasma, 
 is Boltzmann constant,  is electron temperature,  is bremsstrahlung intensity. k .electrT tE
 
 Spectral density of recombination X-ray radiation for the process of two-particle 
















−⎛ ⎞−⎜ ⎟⎝ ⎠∑∼  
Where:  is the intensity of recombination radiation.  rE
With the process scheme 1,i i nN e N hν−+ → +  and energy balance 21 .2 nh mν υ χ= +  
 Recombination radiation prevails in the area of short waves. Line X-ray emission is 
emitted by atoms (ions) with excitation potential of  order. ekT
 Since bremsstrahlung radiation of fast electrons (i.e., electrons with the energy 
exceeding the thermal one and generated due to different mechanisms of resonance or 
anomalous transformation) plays the main part for the range λ ≤ 2Ǻ then bremsstrahlung X-
ray plasma radiation prevails. Thermal electrons transfer the energy to internal layers by 
means of simple thermal conductivity, and fast electrons, penetrating to the deeper layers of 
substance, lead to the entropy increase in these layers until the compression layer arrives. 
Theoretical calculation of absorbing the energy of fast electrons is reduced in [1, 2, and 4]. 
 Considering the written above, it is possible to calculate the electron temperature of 
plasma for our case, then the general formula for calculation takes the form: 
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Reducing the constants in the equation, we obtain the finite expression for temperature 
calculation:  
( ) ( )
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I∑  and 2( )fi
i
I∑  - are the integrals obtained from the experimental data for 




teor h )ϕ ν  and 2( ). ( )fteor hϕ ν  - are functions of photon transmission through corresponding filters 




teor hϕ ν  - are functions of photon transmission through photocathode, 
(( ).lavsanteor h )ϕ ν  - the function of photon transmission through obtained theoretically.  Lavsan
 Solving this equation by iteration method, it is possible to find the electron 
temperature of laser-induced plasma for each experimental picture of laser-induced plasma. 
Similarly, it is possible to make calculations for experimental data obtained in different 
materials and angles between the incident laser beam and target. X-ray camera was calibrated 
by the specialists of Russian Federal Nuclear Center of Research Institute of Experimental 
Physics, Arzamas-16.  
 
Fig. 5.6. Calibration of X-ray camera for scanning mode 3 ns, period 1 ns. 
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Fig. 5.7. a - X-ray photograph of laser-induced plasma radiation integrated in time through 
slit. Target - Cu , Angle - 900, energy in laser pulse 85  mJ, b - scheme of filter location 




a b          c 
Fig. 5.8. X-ray picture of slit image of  X-ray streak camera from laser-induced plasma, 
Energy in the laser pulse - 80  mJ, а - target Ta, b - target W, the target was located at an angle 
450 relative to incident laser radiation. c - scheme of filter location on the slit.  
Fig. 5.7 a present the image of slit, X-ray streak camera closed by different filters in 
accordance with the scheme presented in Fig. 5.7b, from laser-induced plasma, the target was 
, the incidence angle of laser radiation was 90 degrees relative to target. The mode of 
image recording was without slit scanning, i.e. integral, the integration time was 1 . This 
mode is used for subsequent calculations of maximum electron temperature in laser-induced 
Cu
s
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plasma, without scanning in time. From this picture, it is possible to calculate the electron 
temperature, and it makes up 400 500ekT ≈ ÷  eV, 64.64 5.8 10eT ≈ ÷ ⋅ K. 
 Figs. 5.8а and 5.8b demonstrate the pictures of laser-induced plasma radiation 
integrated in time through the slit in the mode without time scanning  for targets made of Ta  
and  respectively, the targets are located at an angle 45,W 0 degrees relative to incident laser 
radiation, integration time 1 . It is seen that in Fig. 5.8a only 2 areas are X-rayed, these areas 
were not covered with filters, and in the place of filter location there is no signal. This 
confirms that the electron temperature exceeds  just insignificantly. However, in Fig. 
5.8b we can see that not only the places without filters were X-rayed, but also the places 
which were covered with filters 
s
200 eV
7 , 14 , 70 , 140Al µm Al µm Be µm Be µm . Moreover, the 
places uncovered with filters are oversaturated and do not correspond to the slot geometry, 
this is so called “effect of glut”. Also the “light-struck” areas are present in the places where 
slot is not located. This is caused by high-energy or prompt electrons arriving later, since the 
exposure time was 1 . The temperature in the second case is  when 
Tungsten was exposed to radiation. 
s 800 900 ,eT eV≈ ÷
 Naturally, not only determination of maximum electron temperature of plasma is 
interesting, but also the evolution of plasma temperature in time, since with the help of time 




a b c 








Fig. 5.9. X-ray picture of laser-induced plasma through the slit in the scanning mode in time, 
angle is 450, Energy in the laser pulse -  mJ, a - target Ta, b - target  W, c - scheme of filter 
location on the slit.  
75
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In Figs. 5.9а and 5.9b the pictures of laser-induced plasma are shown through the slit 
in the scanning mode in time for targets made of Ta  and W, respectively, the targets are 
located at an angle 450 relative to incident laser radiation. It is seen that in Fig. 5.9a only 2 
areas are X-rayed, the same as in Fig. 5.8а. In Fig. 5.9b we can see that not only places 
without filters are X-rayed, but also the place which was covered with filters 7Al µm . 
Moreover, the places uncovered with filters are oversaturated, and the plume is present, this is 
a result of so called “effect of glut”. Also the “light-struck” areas are present in the places 
where slot is not located. This is caused by high-energy or prompt electrons, the same as in 
Figs. 5.8а and 5.8b. 
 In the experiments on recording X-ray radiation in vacuum formed by laser-induced 
plasma from  - target, the measurements of radiation integral in time and time dependence 








Fig. 5.10. X-ray picture of laser-induced plasma through the slit in the scanning mode in time. 
a - Cu  - target, angle is 450, energy in the laser pulse  mJ, b - scheme of filter location on 
the slit.  
75
 
 Fig. 5.10a demonstrates X-ray picture of laser-induced plasma in scanning mode in 
time, the target is at an angle 450 relative to incident laser radiation. It is clearly seen that 
filters 7 , 14Al µm Al µm  are X-rayed good enough, which confirms that electron temperature 
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of “Cu ” plasma is higher than electron temperature of  “Ta ” and “W ” plasma and reaches 
the value  K. 6800 9.28 10eT eV≈ = ⋅
 In the work [64] the results of X-ray measurements are presented for TW-laser in 
vacuum under condition, that the target was located at an angle to laser radiation, and spatial 
location of plasma channel formed in vacuum was obtained, the electron energies were 
located in the area 1 3  keV. Due to the fact that recording of X-ray radiation strongly 
depends on geometrical location of recording equipment, and the aperture of X-ray camera is 
small, then, for recording the plasma channels, it was necessary to vary the angle between 
incident laser beam and target in such a way that directed channel could get to the camera 
aperture. In addition to it, to confirm that plasma channel was recorded, interference and 
absorption investigations of laser-induced plasma in vacuum were conducted.  
0÷
 
Fig. 5.11. Scheme of target location relative to incident laser radiation for experiments on 
determining electron temperature with the help of X-ray camera.  
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Fig. 5.12. X-ray picture of laser-induced plasma through the slit in the scanning mode in time, 
 - target, energy in the laser pulse 85  mJ. a - angle 75Cu -95 0, b - angle 670, c - angle 600, d - 
angle 450, e - angle 300, f – scheme of filter location on the slit.  
 
 In Figs. 5.12а, 5.12b, 5.12c, 5.12d, 5.12e X-ray pictures of laser-induced in scanning 
in time for the angles 750, 670, 600, 450, 300, respectively. In these pictures the following 
tendency is observed: for angle the electron temperature of plasma is maximal, and for 
75
067
0 it is minimal, 600 is close to 450, and the picture for angle 300 is close to the picture for 
























Fig. 5.13a. Distribution of electron temperature in time depending on location of angles 
between incident laser radiation and target surface.  
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Fig. 5.13b. Distribution of maximum electron temperature depending on location of angles 
between incident laser radiation and target surface.  
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Fig. 5.15. a - absorption photograph,  
    b - interferogram,  
    c, d - diagrams of electron density distribution. The delay time - 0  ps, target 





Fig. 5.16 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, target - 
, angle is , atmosphere - vacuum, energy in the laser pulse - 85  mJ. 
0
Cu 060 -95
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Fig. 5.17 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, target - 
, angle is 45
0
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Fig. 5.18 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, target - 
, angle is 30
0
Cu 0, atmosphere - vacuum, energy in the laser pulse - 85  mJ. -95
  In the pictures 5.15, 5.16, 5.17, 5.18 demonstrated above, absorption and interference 
photographs were presented, as well as diagrams of electron density distribution for the places 
where they could be calculated from interference photographs. They correspond to the delay 
time  and the angles 67, 60, 45, 30 degrees between incident laser radiation and target 
surface. The location geometry is shown in Fig. 5.14. In the pictures we could see only 
plasma formation, but formation of plasma channels is not observed, which is confirmed by 
previously shown X-ray pictures in time scanning mode. The formation of plasma channels 
starts later, at times close to 10  The channels are in apogee at times corresponding to the 
times 15  and later, at times  gradual diffusion of channel in space occurs. 
At the delay time  ps, the following experiments were conducted using the interference 
and absorption procedures.  
0 ps
0 .ps
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Fig. 5.19 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, 
target - , angle is 67
250
Cu 0, atmosphere - vacuum, energy in the laser pulse -  mJ. 85-95
 
Figs. 5.19а and 5.19b demonstrate absorption and interference photographs of plasma 
channel formation in vacuum, target was at an angle  relative to incident laser radiation. 
Figs. 5.19c and 5.19b show the diagrams of electron density distribution for the place where 
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Fig. 5.20 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, 
target - , angle is 60
250







Fig. 5.21 a - absorption photograph,  
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   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, 
target - , angle is 45
250
Cu 0, atmosphere - vacuum, energy in the laser pulse -  mJ. 85-95
 
 In Figs. 5.20 and 5.21 the channel formation is not observed, but there is a possibility 
of short-time formation, or formation of electron channel of light density, below the recording 






Fig. 5.22 a - absorption photograph,  
   b - interferogram,  
   c, d - diagrams of electron density distribution. The delay time -  ps, 
target - , angle is 30
250
Cu 0, atmosphere - vacuum, energy in the laser pulse -  mJ. 85-95
The plasma channel is clearly seen in Figs. 5.19а and 5.19b. Just as a result of its 
action, an increase in saturation in the areas of filter location is noticeable in X-ray pictures, 
which confirms that electron temperature in plasma at this angle is considerably higher than at 
other angles, due to the fact that this channel was directed to the area of slot aperture. The 
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average temperature of laser-induced plasma on Cu  - target reaches the values 800 1000÷  
eV, and the temperature in plasma channel can reach the values 2.5 2.7÷  keV. 
 An increasing of electron temperature to  during 25  may be connected 
with a self-channeling of laser radiation in preformed laser-produced plasmas and excitation 
of parametric two-plasmon instability in the region of N
2.5 keV 0 ps
c/4. The absorption of laser radiation 
then occurs not only due to inverse bremsstrahlung uniformity distributed in space, but also in 
small channels due to resonant absorption, or in region with strong density and temperature 
gradients leading to a high X-ray emission. 
 The self-channeled propagation of laser radiation in preformed plasma can be 
efficiently used for amplification of X-ray radiation. The most important and most effective 
mechanism for generation of stimulated X-ray radiation is a traditional three-body 
recombination of electron and high charged ions in plasma filament. An other important 
feature is a generation of strong magnetic field in the regime of the laser pulse self-channeled 
propagation, which allowed us to create Z-pinched plasma channel. Due to combination of a 
powerful pondermotive and coulomb forces each electron traces in self-channeled regime out 
a closed trajectory with a radius of approximately ( )2 3 .λ−  The total current created in 
channel may be obtained as a sum of all the elementary currents inside the area occupied by 
the laser beam. It had been shown by Sudan [68] that the physical origin of the dc magnetic 
field must be strongly coupled with electron dynamics, which can be expelled in Z-direction 
by the pondermotive force of the laser pulse. So long as the laser pulse increases in amplitude 
the pondermotive force generates an average electron current in Z-direction. 
 Time resolved measurements of self-generated magnetic field in channeled regime by 
means of Faraday rotation [69] have revealed a toroidal nature of magnetic field in channel 
with a value of 7 8 MG− . In such magnetized channel X-ray radiation may be produced 
similar to a free electron laser or due to resonance transition radiation from electron beam in 
channel [70, 71]. 
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Chapter 6. Multiwave structure of laser-induced plasma. 
 
In the previous sections dedicated to ablation and self-channeling we considered the 
situation with one pre-pulse, and the main laser pulse interacted with the shock wave front in 
the local area. A natural question would arise - will an increase in pre-pulse affect such 
processes as, for example, plasma self-channeling, since the main laser pulse would also 
interact with the shock wave front.  
To answer the question posed, we conducted a large number of experiments with 
different targets ( ), , ,W Ta Cu Al  in different media ( ), ,Air Vacuum Argon . As before, 
interference and absorption procedures were used in the experiments, but for deeper 
understanding the processes in laser-induced plasma, and for estimating the average velocities 
of shock waves, etc., a two-channel interference and absorption set-up was assembled. The 
scheme of experimental set-up is presented in Fig. 6.1. A probing beam with a wavelength 
532 nmλ =  output from laser follows to prism P, reflects in prism  at angle 900, then 
proceeds to telescope BE. Passing through telescope BE, the beam expands up to 
P
25 mm∅  
and goes to separating plate  On this plate, it divides into 2 beams in proportion .BS 50 50× .  
The first part of beam which passed through separating plate  goes to beam splitter 
BS1. In beam splitter BS1, the beam is divided into 2 branches of interferometer (2 beams) in 
proportion . From the beam splitter, the first part of beam goes to mirror M1 thus 
illuminating target, reflects in the mirror and returns to reverse direction illuminating the 
target once more, and finally returns to beam splitter BS1. The second part of the beam 
divided in BS1 goes to another mirror M1 and, reflecting in it, goes back to beam splitter BS1, 
where two beams interfere with each other. With the help of microscope 
BS
50 50×
1MS  focused to the 
target surface on one side, the interference image through the interference filter passing the 
light at the wavelength 532 5nm nmλ = ±  is focused to matrix of CCD1 camera. From 
CCD1 camera, using special Frame grabber card and special programs, the image is 
transmitted to computer PC, where it can be analyzed. 
The second part of beam, which reflected from separating plate  by means of 
mirrors M2, follows to beam splitter BS2. In beam splitter BS2, analogously the beam is 
divided into 2 branches of interferometer (2 beams) in proportion 50
BS
50× . From beam splitter, 
the first part of beam goes to mirror M2 thus illuminating target, reflects in the mirror and 
returns to reverse direction illuminating the target once more, and finally returns to beam 
splitter BS2. The second part of beam divided in BS2 goes to another interference mirror M2, 
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reflects in it, and goes back to beam splitter BS2, where two beams interfere with each other. 
By means of microscope MS2 focused to the target surface from above, through the 
interference filter passing the light at the wavelength 532 5nm nmλ = ± , the interference 
image is focused to matrix of CCD2 camera. From CCD2 camera, using special Frame 
grabber card and special programs, the image is transmitted to computer PC, where it can be  
also analyzed. 
The main laser beam with the wavelength 1064 nmλ =  is output from laser, and gets 
to optical delay circuit constructed from three mirrors M. Later on, reflecting from the last 








Fig. 6.1. Experimental set-up of two-channel interferometry.  
Nd:YAG - laser,  MS1, MS2 - long-distance microscope, CCD1, CCD2 - CCD -
cameras, M - mirror, P - prism, L - lens, T - target, BS - beamsplitter, BE - telescope,  PC -
computer. 
 
The delay time between two frames was  The time of image taking for each 
camera was 10  Thus, two-channel interferometry made it possible wery qulitatively and 
130 .ps∼
0 .ps
 - 69 -
Investigations of laser-induced plasma 
 
quantitatively to trace the dynamics of laser-induced plasma and electron density in plasma 
with a higher precision.   
 
   
a b 





Fig. 6.2. Oscillograms  of laser operation mode. a - with two pre-pulses, b - with five pre-
pulses. 
The mode of laser operation with two pre-pulses (Fig. 6.2a) was used in the 
experiments conducted on  - target in argon medium and in the air. The mode of laser 
operation with five pre-pulses (Fig. 6.2b) was used in the experiments conducted on Cu -, 
-, and W - targets in the air and in vacuum. It should be noted that in vacuum, the greater 
number of pre-pulses does not make any substantial contribution, since plasma formed by 
initial pre-pulses with low energy diffuses very quickly, and only the last pre-pulse with a 
higher energy plays a key role. However, in the air under atmospheric pressure and in argon 
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Fig. 6.3. a - absorption photograph,  
  b - interferogram, 
  с - 3d - diagram of density distribution in shock waves,  
  d - 2d - diagram of density distribution in shock waves. 
  Delay time  Target - Cu , atmosphere - air, energy 95  500 .ps− .mJ
 
Figs. 6.3а and 6.3b present absorption and interference photographs of laser-induced 
plasma in the mode of laser operation with five pre-pulses for delay time  for  - 
target. In these photographs, the plasma structure consisting of several shock waves is clearly 
traced. Such structure is formed as a result of action of pre-pulse. The first pre-pulse interacts 
with target and initiates the ablation process and formation of the first shock wave, the 
following pre-pulse, arriving in time equal to 7.  interacts with the shock wave front and 
the following shock wave forms. Then the process repeats and, due to the result of action of 
all pre-pulses, we can observe the plasma structure consisting of five shock waves. Note that, 
the number of pre-pulses would govern the number of shock waves, but we must take into 
account that the second and the following forming shock waves would be spherical, not 
hemispherical, as the first one. The first wave will be hemispherical, because target surface 
prevents its propagation in all space. The following shock waves will be prevented by the 
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Fig. 6.4.  a, с - absorption and interference photograph for delay time  450 ,ps−
               b, d - absorption and interference photograph for delay time  320 ,ps−
   Target - , atmosphere - air, energy  Al 80 .mJ
Fig. 6.4 displays experimental absorption and interference photographs for instants of 
time  and  from one laser pulse. Since laser-induced plasma is axially 
symmetric, it is possible to trace the plasma dynamics and estimate the average velocities of 
shock wave propagation m/s with a sufficiently high precision. Of course, the 
question of plasma channel formation is of great interest.  
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Fig. 6.5. a, с - absorption and interference photograph for delay time  130 ,ps−
        b, d - absorption and interference photograph for delay time 0 ,  ps
   Target - ,Al  atmosphere - air, energy 80  .mJ
 
Figs. 6.5a and 6.5b display absorption photographs of laser-induced plasma for delay 
time  and 0  We can clearly see the moment of beginning of interaction between 
the main laser pulse and shock wave front, and also self-channeling of plasma channels. 
130 ps− .ps
If we consider this process using the other target, for example, Cu  - target, the 
situation repeats, as is shown in Fig. 6.6b, except for the fact that, the energy in laser pulse 
was higher and made up  Also, if we consider laser-induced plasma for the same delay 
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Fig. 6.6. a - absorption photograph,  
  b - interferogram, 
  с - 3d - diagram of density distribution in shock waves,  
  d - 2d - diagram of density distribution in shock waves. 
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Fig. 6.7. a, с - absorption and interference photograph for delay time 0 , ps
                 b, d - absorption and interference photograph for delay time130  ,ps
              e - diagram of electron density distribution in channel. 
                      Target - ,Al  atmosphere - air, energy 80  .mJ
 
Several channels are present in Fig. 6.7b. Formation of several channels is governed 
by decay instability of light beam. We should also consider that absorption and interference 
photographs are “frozen” in time 10  As had been demonstrated [20], these filaments 
pulsate in time. The pulsation time is 
0 .ps
13 22 .t ps≈ ÷    
This effect of laser beam division into filaments and formation of pulsating channels is 
governed by parametric decay instability. This effect is based on the balance between 
transverse nonlinear force and gas-dynamic pressure.  
 
NL e eF N kT= ∇  
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Fig. 6.8. Generation of filaments or self-focusing due to the effect of nonlinear force.  













⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠
 
Where: pω  is plasma frequency, ω  is laser frequency,  is electric field intensity, k  
is Boltzmann constant,  is electron temperature, 
E
eT 0 2
cNn = . 
Then, the threshold power of laser radiation ( )0P W  for self-focusing generation can 





⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠
T , where T is expressed in eV.  
 Negative instabilities arise due to the action of nonlinear force directed parallel to 
wave vector  of laser radiation, but when analyzing it, it is required to consider the detailed 
character of oscillatory motion and the phases of original and induced electric and magnetic 
fields. This process is also connected with generation of currents and velocities directed 
perpendicularly to  and their repeated interaction with electric field of laser radiation. 
k
,k
If we consider formation of plasma channels in other medium, for example, argon 
medium under atmospheric pressure, then in absorption photographs we can notice that due to 
interaction between laser radiation and plasma in argon, several plasma channels are also 
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observed (Fig. 6.9a).  The concentration of electrons in channel is high enough, on the 











Fig. 6.9. a - absorption photograph,  
  b - interferogram, 
  с - diagram of density distribution in shock wave, 
  d - diagram of density distribution in channel. 
  Delay time - 150 .ps  Target -  atmosphere - argon, pressure 1 . ,Al atm
It is interesting that, in interference photographs it is impossible to record the same 
number of channels as in absorption photographs, this is governed by the fact that, as we 
mentioned before, the lifetime of channels is very short and they have a pulsating character. 
Since the absorption method is more sensitive than the interference one, it is possible to 
observe several plasma channels, unlike interferometry.  
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Chapter 7. Detachment of plasma bullets. 
 
At the later lifetime of plasma, detachment of plasma bullets and their departure to the 
side opposite to the action of laser radiation is observed. This is caused by complicated 
hydrodynamic behavior of plasma and the action of strong magnetic fields, as had been shown 
in the work [20]. 
 
a b 
Fig. 7.1. a - absorption photograph for delay time 130  ,ps
               b - absorption photograph for delay time  260 ,ps
                                Target - Al, atmosphere - air, energy 80  .mJ
 
 Fig. 7.1 presents the absorption photographs of laser-induced plasma for the moments 
of delay time 130  and  taken with two-channel interferometer. Fig. 7.1b clearly 
demonstrates a plasma bullet departed from plasma to the side opposite to the action of laser 
radiation. Note that, at these delay times, laser radiation ceased its action, and formation of 
plasma bullets can not be governed by optical breakdown in the air. Since the pictures 7.1a 
and 7.1b are taken from one laser action with time delay 130  it is possible to calculate the 







The interesting fact is that, depending on the energy in laser pulse and the mode of 
laser operation, formation and departure of one or several plasma bullets is possible, and at 
certain energy values in laser 55 ,E mJ<  departure of plasma bullets is not observed. 
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Fig. 7.2. Absorption photographs of laser-induced plasma. Target - Cu . Mode of laser 
operation with six pre-pulses. Atmosphere - air, energy 95  .mJ 137 ,a ps−  b p  
 
155 ,s−
− 450 ,d p350 ,c ps s−  600 .e ps−  
 
Fig. 7.2 presents absorption photographs for different delay times 137 ,a ps−  
   155 ,b ps− 350 ,c p− 450 ,d p− 600 ,e pss s −  taken in one and the same mode of laser 
operation, one and the same atmosphere, and at one and the same laser pulse energy 95  
These pictures demonstrate the moments of detachment of plasma bullets and their departure 
to the direction opposite to the action of laser radiation. It can also be noted that all bullets are 
.mJ
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black, which confirms critical or close to critical electron concentration. It can clearly be 





 Fig. 7.3. a, c - absorption photographs for instants of time 137  and  ps 600 .ps
               b, d - interference photographs of plasma bullets for instants of time 137  




Figs. 7.3b and 7.3d display the interference photographs of plasma bullets. We can see 
that in some areas, the interference fringes are visible, whereas in other areas - invisible. 
Unfortunately, in the places where the fringes are visible, it is impossible to calculate the 
electron concentration, since we fail to trace the bending of interference fringes completely. 
However, from absorption and interference photographs shown above, we can draw a 
conclusion that, the electron density in plasma bullets is critical or close to it [20]. 
There are several factors explaining departure of plasma bullets, they are: 
1. Strong magnetic bullets forming in plasma due to the action of azimuthally directed 
currents in plasma. 
2. Shock wave hydrodynamics. 
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Strong magnetic fields were recorded by Faraday Rotation Method [20]. The intensity of 
magnetic field was 6 7 .MG−  It should also be noted that plasma bullets contain a frozen - in 
magnetic field, which prevents them from diffusion in space and maintains the spherical 
shape. Hydrodynamics of shock waves also considerably affects the departure of plasma 
bullets. At the moment of interaction between main laser pulse and pre-plasma, a powerful 
spherical shock wave arises, which propagates deep into pre-plasma and interacts with already 
formed shock waves, partially reflecting, and partially penetrating within pre-plasma. The 
reflected part returns in reverse direction and later, it gives a hydrodynamic shock on plasma 
formed by main laser pulse. And the part which penetrated within pre-plasma, “compresses” 
the plasma “accordion” and, interacting with the next shock wave, also partially reflects, and 
partially moves further. Thus, later on, another plasma bullet will be “knocked out”. The 
diagram of shock wave front position depending on time is presented below.   
 
 
Fig. 7.4. Diagrams of shock wave position depending on time.  
In the above diagram, the dependencies of shock wave position in time are shown. It is 
obvious that, before arrival of the main laser pulse, sharp change in the position of shock 
wave fronts is not observed. At the moment of main laser pulse arrival, compression of the 
whole shock-wave plasma structure takes place. Then, the whole shock-wave structure starts 
oscillating due to interaction between the shock wave formed by main pulse and the shock 
waves formed by pre-pulses. It is possible to predict the detachment of plasma bullets by 
these oscillations. In other words, when “accordion extension” begins, one might say that 
outburst of plasma bullet will follow next.  
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The above dependence can be presented as a system of oscillators, where shock waves 
play the part of springs, as is shown in Fig. 7.5.  
Shock wave front 
 
Fig. 7.5. Principal scheme demonstrating the principle of hydrodynamic oscillations of shock 
wave plasma structure. 
 
 Magnetohydrodynamic forces can be estimated a harsher estimate: 
1 1 1 1m x m a F= =  
 Guessing that the uniformly accelerated motion can be counted, that: 
2
2Sa τ=  
Where  - bias of a shock front, then: S
2
2 1S VF Nρτ≈ ≈  
 Where ρ  - density at the front a shock wave, V - volume of a shock front, - bias of 
a shock front, 
S
τ - time for which occurs bias of front. Then pressure rendered by a shock front 
is possible for estimating by formula: 
710P F Paξ≈ ⋅ ≈  
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Topic: Optical and X-Ray Diagnostics of the Formation of Laser-Induced Plasmas in Gases 
and Vacuum. 
Dissertation of Dipl.-Engineer Dmitri Nikitine 
submitted to the Technical University of Chemnitz (2004). 
 
  In this section we formulate the basic results and deductions of present thesis. 
1. Dynamics of a laser-spark discharge is studied experimentally with various regimes 
of  the pico-second laser (with one pre-pulse as well as with several pre-pulses) in vacuum 
and gases (air and argon) using the various metal targets ( ), , , .Al Cu W Ta  Within these 
investigations 2D allocation of an electron concentration in laser plasma with the high time 
( 100 )ps∼  and spatial ( )10 µm∼  resolution have been defined. The following equipments 
was used:  Nd:YAG  laser (the laser pulse energy exceeds 70 95 mJ÷  for the pulse duration 
of 100  and the beam wavelength ps
1
1064 nmλ =  of an ignition beam, and 2 532 nmλ =  of a 
probing beam), long-focus microscope Questar QM100, a Michelson interferometer, 
computer system for the image processing. 
2. Spectral characteristics of X-Ray radiation from laser-spark plasma are studied.  
Also its electron temperature has been defined with the high time resolution  
employing X-ray camera RFR-4. It allows to systematize the information on the laser-spark 
plasma depending on their concrete formation conditions.  
20 ps∼
3. It has been established that during the action of the laser pre-pulse with the intensity 
of 12 13 210 10
WJ
cm
= ÷  on a metal target in the air the shock wave (the similar pattern is also 
observed in argon) is formed as a result of a process of an ablation. In vacuum the formation 
of the shock wave does not occur, and the formation of the cloud of the plasma near the 
surfaces of the target takes place only. As a result of interaction of the subsequent pre-pulses 
or of the main pulse with the pre-formed plasma, the behavior of the plasma and the formation 
of the plasma structure strongly depends on the amount of the pre-pulses and the parameters 
of medium in which the measuring are carried out.  
4. The effect of a self-channeling of the laser radiation in the working regime of the 
laser with single pre-pulse has been found. In this regime the interaction of the main laser 
pulse with the front of the shock wave leads to the effect of the self-channeling in one channel 
in which the electron density reaches value of 20 310 .cm−  At the same working regime of the 
laser but in argon medium several pulsating channels appear because of the effect of the decay 
instabilities. But the formation of the shock wave in the cloud generated by pre-pulse takes 
place. 
 5. It was found that the situation changes essentially in case of the formation of 
plasma due to the action of pico-second laser radiation on a metal target (in the working 
regime of the laser with the several pre-pulses). In air as well as in argon one observes the 
formation of the shock wave as a result of the action of the pre-pulse and the process of the 
ablation of metal. Since the electron density on the front of the shock wave is close to the 
critical density  one more shock wave is formed as a result of interaction of the 
subsequent pre-pulse with the front of the shock wave. Thus, the amount of the formed shock 
waves forming the multi-shock wave structure of plasma will depend on amount of pre-
pulses.  
20 33 10 ,cm−⋅
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6. It is shown that in vacuum plasma has a time to diffuse in a space during the time 
between two pre-pulses  and only last pre-pulse plays an important role since it 
has maximum energy. The plasma cloud 
( 7.4 ,t ns∆ = )
( )17 3. 10el density cm−≤  formed by the last pre-pulse 
does not have a time to disappear completely before the interaction with the main laser pulse. 
In air and argon medium the main laser pulse will interact with the front of the last shock 
wave formed by pre-pulses but not with the formed plasma cloud as in the situation in 
vacuum.  
7. It was found that at the moment of the interaction of the main laser pulse with 100 - 
picosecond duration with "pre-plasma" the strong spherical shock wave is formed. This shock 
wave spreads into the depth of pre-plasma interacting with already formed shock waves, 
being partly reflected and partly transiting inside of the pre-plasma. The reflected shock wave 
now follows back the opposite direction and generates the shock ( 1 ,F N≈  ) on the 
plasma formed by the main laser pulse. The shock wave transited into the depth of "pre-
plasma"  "compresses" plasma "accordion" interacts with the following shock wave. Also it is 
partly reflected and partly transits. As a consequence, one more plasma clot "is beaten out". 
After all of those processes plasma starts to diffuse in space.  
710P P≈ a
8. All processes happening in vacuum differ from the processes proceeding in the air 
or argon medium. The main laser pulse interacts partly with the plasma cloud formed by the 
last pre-pulse and partly with the target. Hence, the shock wave formed as a result of the 
ablation starts to propagate in the plasma cloud. Besides, the plasma cloud is ionized due to 
the action of the main laser pulse. The peak of the interaction corresponds to the internal part 
of the plasma cloud, but not to the front as it happened in case of the gas media.  
9. It has been established that directional plasma channels are formed in the vacuum as 
a result of the effect of the resonant adsorption of the laser pulse and its subsequent splitting. 
At this point the electron density in the plasma reaches the critical values ( )  and in 
the plasma channels it is of the order of 
21 310 cm−
( )20 310 .cm−  The important property of those 
channels is that they are directed not in the direction of the action of the main laser pulse but 
under the angle. This angle depends on the angle between the direction laser radiation and 
surfaces of the target.  
10. The anisotropy of the generated X-ray radiation and the angle of the forming 
plasma channel  were determined. The electron temperature in the direction under 
this angle is high enough (of the order ) and electron temperature in other directions 
is about of 80  This fact can play a rule of the background for creation of the X-ray laser 
based on the effect investigated  in  this work. The advantage is that this laser can generate 
very short time pulses with pulse time of the order of the hundreds of picoseconds. However, 
one has to point out that present investigations have been carried out with the different media 
like  and non-metal targets 




( , , ,Cu Al Ta W ( )Lavsan  but the effect of the plasma channels 
formation was observed only with Cu  - target. It is confirmed by the results obtained by the 
optical methods. 
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